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Hypotheses implicating natural enemies (e.g., predators, parasites, and diseases) as causes of population outbreaks suggest that outbreaks result when populations somehow escape from the normally regulating effects of their natural enemies (Berryman 1987) . What allows this escape is usually unspecified, but could include phcnological asynchrony between an herbivore and its natural enemies, spatial refugia for the herbivore, and inherent time lags in the numerical or behavioral response of natural enemies to increases in herbivore abundance. Epidemic populations crash because af high density they suffer increased mortality, reduced fecundity, and slowed growth because of a numerical and, potentially, bchavit)ral response of their natural enemies. However, for natural enemies to cause a population decline they must cause proportionately higher mortality in high-density populations than in low-density populations. In other words, they must operate in a direct or delayed density-dependent manner in time or possibly space Reeve 1987, Mountford 1988) .
Hypotheses implicating host-plant quality contend that outbreaks are caused by increases in the quantity or nutritional quality of available food that may be brought on by environmental fluctuations or by the response ot the food supply to release from severe grazing by the herbivore (White 1978 , Mattson and Addy 1975 , Mattson and Haack 1987 , Haukioja and Ncuvonen 1987 . Under these hypotheses, outbreaks of herbivores and subsequent population declines arc not related to the interaction of the herbivore and its natural enemies. Rather, population crashes occur because a reduction in the quantity or nutritional quality of the food supply brought on by environmental changes or as a result of over-grazing leads to increased mortality and reduced fecundity.
It is difficult to make a strong inference concerning the causes of a specific population outbreak. This is because in studies of epidemic populations data on food supply and the effects of natural enemies prior to the epidemic arc almost always lacking. Therefore, it is difficult to infer that escape from the regulatory effects of natural enemies or an improved food supply are responsible for a particular population outbreak. However, once an epidemic population has been located it is feasible to determine if the subsequent population decline results from the density-dependent effects of nafural enemies, a reduction in the quantity or nutritional quality of the food supply, intraspecific competition, or some combination of these factors.
Evidence of temporal and possibly spatial densitydependence in the effects of natural enemies would imply the operation of natural enemies at least in causing the population decline. Evidence of a reduction in the quantity or quality of the food supply during a population decline would imply that host-plant quality may account for fhe observed population decline.
Evidence of temporal and spatial density-depencence in the effects of intraspecific compction observed in the absence of evidence of both density-dependence in the effects of natural enemies and of density-dependent changes in host-plant nutritional quality, would rule out bt)th the natural enemies and host-plant quality hypotheses as causes of a population decline, and by implication as causes of the epidemic. Such a result would suggest that an herbivore outbreak was caused by direct environmental effecfs, operating on the herbivore population to alter survival and fecundity, and that the subsequent decline was caused by intraspecific competition for limited resources. To determine if natural enemies or host-plant quality account for the decline of an epidemic population of the leaf-mining moth Cameraria hamadryadella (Lepidoptera: Gracillariidae) on Qtiercus alba (Fagaceac), we sought evidence of spatial density-dependent mortality from predation, parasitism, and intraspecific competition during an epidemic year, and of temporal density-dependence in mortality and host-plant resistance between epidemic and endemic years.
Methods
Natural history of Cameraria hamadryadella C. hamadryadella is an upper surface blotch leaf-miner that feeds on oaks in the subgenus Lepidobalanus (Needham et al. 1923, Maier and Davis 1989 Eggs are cemented singly on the upper surface of leaves by the female. Upon hatching, larvae chew through the egg chorion and the leaf epidermis and commence mining. Pupation occurs within the leaf. While in the pupal skin, the adult punctures the leaf surface and then emerges. From Virginia north, C. hamadryadella is usually bivoltine (in ten years of observation in Virginia C. hamadryadella has only once entered a facultative third generation) and overwinters in the leaf litter as a diapausing larvae (Hinckley 1972) . In northern Florida, near its southern distributional limit, C. hamadryadella regularly completes three generations each year (Connor 1979) .
C. hamadryadella are attacked by a number of hymenopteran parasitoids, but two species of larval parasitoids (Chalcidoidea: Eulophidae) account for over 75% of the parasitism. Birds are the major predators of C. hamadryadella larvae and pupae, particularly members of the genus Parus. We have observed predation scars on leaf-mines that appear to be caused by invertebrate Density estimates In , 1983 In , 1988 In , 1989 In . and 1991 (Connor 1991) . Densities were estimated using a stratified random sampling plan. Three to ten terminal branches each containing 25-50 leaves were removed from the lower crown of Q. alba trees in each population in each year. Sampling was restricted to the lower crown for ease of access and to insure that we could obtain a wide range of densities on individual leaves (C. hamadryadella is less abundant at higher levels in trees). Each leaf was inspected and the numbers of mines of C. hamadryadella were counted. Densities were calculated for each tree as the average of the estimates derived from the sub-samples, and these estimates were averaged among trees to produce one density estimate for each year.
Between 1984 and 1987 no quantitative density estimates were made. However, the approximate density of C. hamadryadella was estimated by visually inspecting foliage of Q. alba in search of leaf-mines. Using this technique, the density of C. hamadryadella could be estimated to the nearest order of magnitude.
Causes of mortality
To determine if mortality attributed to predation, parasitism, and intraspeciflc competition was a function of the density of larvae within individual leaves, leaves with different numbers of mines of C. hamadryadella were marked and inspected. In June of 1984 (during the epidemic), three individual (J. alba trees located in the oak grove in the Orland E. White Arboretum at Blandy Experimental Farm were searched for leaves with single or multiple mines of flrst generation C. hamadryadella. A total of 353 leaves with between 1 and 25 mines per leaf were marked on the three sample trees. Since leaves with high numbers of mines were rare, sample sizes are smaller for high density leaves.
To determine if survival rates and the amount of mortality caused by host resistance, predation. and parasitism differed between epidemic and endemic years we marked and inspected a cohort of flrst generation mines of C. hamadryadella in 1990. a year with low density (< 0.15 mines/leaf). A total of 200 individuals equally distributed among four trees were studied in 1990. We deflne epidemic years somewhat arbitrarily to be a year when densities equal or exceed 1 individual per leaf, and endemic years to be those with densities less than 1 individual per leaf. In epidemic years most leaves have mines, but in endemic years most leaves are un-mined.
Marked leaves were sketched and the locations, sizes, and condition of each mine were recorded. Leaf mine size was determined by placing a clear acetate grid marked in 1 mm-squares over the mine and counting the number of squares covered by each mine. Mine condition was determined by using the sun to back-light the leaf and searching for evidence of larval movement or mortality. The condition and area of each leaf-mine was determined every week from early June to midAugust. A lack of increase in mine area in successive weeks was interpreted as evidence of mortality if a pupa was not visible upon back-lighting the leaf. After all individual larvae had died or emerged, leaves were removed from the trees and each mine was dissected to verify its fate. Each mine was classifled as meeting one of four possible fates; 1) successful emergence of an adult. 2) preyed upon. 3) parasitized or host fed (Askew 1971) . or 4) death by other causes. The evidence used to infer each of these leaf-mine fates is presented in Table 1.
The fate "death by other causes" could include death due to intraspeciflc competition, host plant resistance, disease, observer handling, developmental abnormalities, leaf abrasion, leaf abscission, leaf death, parasitoid stinging without oviposition. and herbivory by externally feeding insects. Mortality caused by host resistance arises due to the inability of the leaf-mining larvae to persist and grow given the characteristics of the host foliage including; the concentration of secondary chemicals, low nutritional qualitv, toughness, or low moisture availability. We contend that for this population of C. hamadryadella the fate "death by other causes" is largely the result of host plant resistance and intraspecific competition. This is because; 1) there is no literature to suggest that leaf-mining insects have diseases, and tissue smears we have performed using methods out- 1982 1983 1984 1985 1986 1987 1988 1989 1990 1991 Year Fig lined in Poinar and Thomas (1984) of surface sterilized eadavers of C. hamadryadella have yielded no evidenee of viral, baeteria, or fungal pathogens, 2) we could observe larval movement after handling indicating no mortality, 3) only 12 out of 2574 larvae died as a result of leaf abseission or leaf death during this study, and 4) only 82 larvae out of 2574 were killed by the direet effects of externally feeding insect herbivores. While we have no evidence regarding developmental abnormalities, such as death during molting, or mortality beeause of leaf abrasion, we believe that their contribution to the fate "death by other causes" is inconsequential. We regard the possibility of parasitoid stinging without oviposition as the most important cryptic form of mortality embedded in our category "death by other causes." However, we have performed experiments where newly emerged first instar mines of C. hamadrvadella are bagged with fine mesh bags capable of exeluding parasitoids and still observe 32.6% (sd = 0.11) mortality from "death by other causes." Therefore, we believe that "death by other eauses" largely represents starvation probably caused by host resistance and intraspecifie competition not a combination of cryptic forms of mortality.
JL
Of the mortality classified as "death by other causes," that portion occurring on leaves with only one mine could not arise because t)f intraspecifie competition (since only one individual was present on that leaf). We attribute this mortality to starvation because of host resistance. For leaves with two or more mines, we estimate the mortality due to intraspecifie competition by subtracting that component caused by starvation from the mortality rate by other causes. This is equivalent to subtraeting the mortality rate "by other causes" on leaves with one mine from the rates observed for leaves with two or more mines.
We performed all analyses using angularly transformed proportions. We applied one-tailed t-tests using Weleh's correetion for unequal variances to test tor temporal density-dependence in survival and mortality rates. We performed all regressions using both ordinary-least-squares (OLS) and weighted-least-squares regression (WLS). WLS is useful to adjust for heteroscedasticity in the varianee of the transformed proportions when samples sizes are unequal (Sokal and Rohlf 1981, Auerbach 1991) . However, in all but one instance the results of these analyses did not differ, so we report the results of the OLS regressions except where noted.
Results

Abundance
When first observed in 1982, the study population of C. hatnadrvadella was at outbreak density. At this time the mean abundance of C. hamadryadella was 22.79 mines/ leaf (sd = 18.75), or approximately 200 times higher than during the endemic year 1990 ( Fig. 1) . At the peak of the epidemic in 1982, 967o of leaves had at least one mine with some leaves having as many as 193 mines! By the end of the first generation in 1982, it was impossible to distinguish individual mines of C. hamadryadella because the entire leaf surface was consumed.
The population of C. hamadryadella began to decline in 1983. In 1984 when data were eolleeted on mortality of C. hamadryadella in relation to density of mines within leaves, densities had dropped further and more than 25"/n of the leaves had no mines at all. The maximum number of mines observed on a leaf was 25. By 1990 the density of C. hamadryadella had dropped to 0.12 mines/leaf (sd = 0.50). In the endemic years. 95% of the leaves had no mines at all, and those with mines usually had only a single mine. An outbreak of C. 
Fate of Cameraria hamadryadella
During the epidemic year of 1984. only ().6% of individuals in the population survived to the adult stage (Fig. 2) , Regression analysis indicated that the percent of indiv iduals surv iv ing was independent of the number of mines on a leaf (R-= ().(K)9. df = 56. p > 0.4). "Death by other causes" accounted for the greatest proportion of mortality (53.5%). while parasitism and predation accounted for 21,2% and 24.7%. respectively. Unlike other studies that have found early leaf abscission to account for between 2 and 42% of the mortality for leaf-mining insects (Faeth et al. 1981, Potter 1985. Stiling and Simberloff 19S9) . we found early leaf abscission to be an inconsequential source of mortality. Less than 0.5% of the 2574 C. hamadryadella larvae examined died because of leaf abscission.
During the endemic year 1990. 6.3% of the population survived to the adult stage (Fig. 2) . The mortality rate from parasitism (17.9%) and predation (38.1%) was similar to that observed in the epidemic year, but predation rates (38.r/o) tended to be higher and "death by other causes" (37,9%) was considerably lower in 1990 than 1984. However, a comparison of fates between the epidemic and endemic year indicates that survival was significantly greater in the endemic year. 1990 (t = 3.26. df = 4. p < 0.02). but that death by "other causes." predation. and parasitism did not differ between years.
Density-dependence in host resistance and intraspeciflc competition To determine if intriispccific competition operates in a spatially density-dependent manner, we regressed the proportion of individuals dying "by other causes ' (intraspecific competition and host resistance) on the number of mines per leaf for each of the three experimental trees. For each number of mines per leaf this apprt)ach provided one estimate of percent mortality for each of the three trees sampled. The results indicated that the proportion of mortality "by other causes ' was positively related to the number of mines per leaf (F,^^ = 6.61, p < 0.02. R-= 0.11, and Fig. 3 ). On leaves with only one leaf-mine, no mortality could arise because of intraspecific competition, and we attribute mortalitv "bv other causes" on these leaves to starvation. During the epidemic year of 1984. the average percent mortality "by other causes" on leaves with a single mine was 33'7% ± 1.7 (n = 3). In the endemic year 1990, 37.0% ± 9.7 (n = 4) of the larvae on leaves with a single mine died because of other causes. A t-test of the proportion dying "by other causes'" shows that mortalitv caused by starvation does not differ between epidemic and endemic years (t = 0.24. df = 4. p > 0.4). After removing the component of mortality due to starvation, the mortality rate due to intraspecific competition is positively density dependent (WLS regression; F,,, = 4.83. p < 0 ()4. R-= o.os. Fig. 4) .
The total mortality "by other causes" declined bv 29.27o between the epidemic and the endemic year, but this difference is not statistically significant (t = 1.31. df = 5. p > 0.125). However, since few leaves had multiple mines in the endemic year and we observed no difference in mortality rates on leaves with a single mine A and B -probability of leaf diseovery by parasitoids or predators; C and D -probability of mortality if leaf is discovered by parasitoids or predators; and E and F -the overall effect of parasitism and predation. The bold lines depict the expected values or the linear or eurvilinear regression described in text. Notice that for both parasitoids and for predators the probability of leaf discovery is positively density-dependent and that the probability of mortality once a leaf is discovered is inverselv densitydependent. However, only for predators is the overall effeet inversely density-dependent.
between the epidemic and endemic years, the temporal decrease in mortality "by other causes" represents a decrease in mortality due to intraspecific competition.
Spatial and temporal density-dependence in parasitism and predation
We examined separately the relationship between rates of parasitism and predation and the number of mines per leaf using regression analysis. Furthermore, we separated the probability of parasitism or predation into three components; 1) the probability of leaf discovery, 2) the probability of discovering another mine once a leaf had been discovered, and 3) the overall risk of mortality due to parasitism or predation. The probability of leaf discovery was estimated as the proportion of leaves in each density category on each tree with at least one mine preyed upon or parasitized. For both parasitoids and predators, the probability of leaf discovery is a positive curvilinear function of the number of mines per leaf (parasitoids; F. 5;; = 47.99. p < 0.0001, R-= 0.64; predators F, 5, = 23.44, p < 0.0001, R-= 0.46). The probability that a leaf will be discovered by parasitoids or predators is strongly positively density-dependent (Fig. 5 A, B) .
The relationship between the number of mines per leaf and the proportion killed by parasitoids and predators once a leaf is discovered is inherently curvilinear. We logarithmically transformed both variables to linearize the relationship. Both the logarithm of the proportion of mines parasitized and the proportion preyed upon once a leaf is discovered are inversely related to the logarithm of the number of mines per leaf (parasitism; F,,, = 93.18, p < O.O(K)1. R-= 0.64; predation; F| ,^ = 78.29, p < 0.0001, R-= 0.31). Since we deflne discovery as at least one mine parasitized or preyed upon, both the minimum possible proportion parasitized or preyed upon and the expected slope of this relationship will be inversely density-dependent (expected slope = -0.123, generated assuming all possible levels of parasitism or predation equally likely. Fig. 5 C,  D) . To determine if the observed slopes differed significantly from the expected slope, we computed the expected slope and performed tests comparing the observed and expected slopes of these relationships. These tests indicate that the proportion of mines parasitized or preyed upon after a leaf is discovered declines more rapidly than the expected slope (parasitism; slope = -0.524, t = -7.38, df = 56, p < 0.0001; predation; slope = -0.582, t = -6.97, df = 56. p < 0.(J001, Kleinbaum and Kupper 1978) . Therefore, once a leaf is discovered, the probability of another individual on that leaf being parasitized or preyed upon is inversely density-dependent (Fig. 5 C, D) .
The observed positive density-dependence of leaf discovery by parasitoids and the inverse density-dependence in the proportion of mines parasitized on leaves that are discovered have ollsctting effects so that the overall probability of being parasitized is density-independent (F, ," = 0.17, p > 0.6, R-= 0.07, Fig. 5E ). For predators, the positive density-dependence of leaf discovery does not offset the strong inverse density-dependence in the proportion preyed upon once a leaf is discovered, so that the overall effect of predators is inversely density-dependent (F,^,, = 7.28, p < 0.002, R-= 0.21, Fig. 5F ).
T-tests comparing the proportion of individuals killed by parasitism or predation between the epidemic and endemic year indicate that neither parasitism nor predation are positively temporally density-dependent (parasitism; t = 0.73, df = 3, p > 0.25; predation; t = -1.44. df = 5. p > 0.1). In fact, predation rates were higher in the endemic year indicating a tendency toward inverse density-dependence.
Discussion
Abundance Naturally occurring outbreaks of C. hamadryadella t)n Q. alba are not unusual. In the epidemic population studied in 1982. defoliation of the lower crown of Q. alba trees was observed by the end of the flrst generation. However, most populations have first generation abundances of C. hamadryadella of fewer than one individual for every ten leaves inspected (Hinckley 1972) .
Studies of other species of leaf-mining insects on oak trees report densities between O.(H)4 and 0.09 mines/ leaf, and some of these estimates are the aggregate density of the entire leaf-mining guild which can include as many as 18 species (Miller 1973 . Askew and Shaw 1979 , Faeth et al. 1981 , Connor et al. 1983 . Mopper et al. 1984 , Bultman and Faeth 1985 , 1986 , Auerbach and Simberloff 1988 , 1989 . However, high density and outbreak populations of leaf-mining insects have been observed on oak and other host species. Auerbach and Simberloff (1989) observed egg densities of Phyllonorycter (= Lithocolletis) quercus on Q. calliprinos of between 1.2 and 3.8 eggs/leaf. Potter (1985) observed densities of Phytomyza ilicicola on Ilex opaca as high as 13.2 mines/leaf, Martin (1956) and Auerbach (19^1) observed densities of Phyllonorycter (= Lithocolletis) salicifoliella on Populus tremuloides oi as high as 15.2 mines/leaf, and Athey and Connor (1989) report complete defoliation of Robinia pseudoacacia by Odontota dorsalis.
Sources of mortality
The overall rate of survival of first generation mines of C. hamadryadella was only 0.6% in the epidemic year 1984, and survival rate was independent of the number of mines on each leaf. Death "bv other causes" ac-counted for 53.5% of mortality while predation and parasitism jointly aecounted for the remainder. These rates differ Irom those reported lor other species of leal-mining insects (Sekita and Yamada 1979, Drea et al. 1982) and partieularly for other species that feed on Quercus spp. (Faeth et al. 1981 , Faeth and Simberloff 1981 , Connor 1988 .
The mortality rate from "other causes" is largely comprised of death due to starvation possibly caused by host resistanee and death due to intraspecifie competition. The mortality rate from other causes on leaves with a single individual C. hamadryadella larva was 33.7% ± 1.7. This mortality obviously could not be caused direetly by intraspeeifie competition. We suggest that it arises because of starvation caused by host resistance since much of it (Kxurs in the first and second larval instars.
Most of the mortality attributed to intraspecifie competition does not involve direct interactions between larvae on the same leaf such as cannibalism or blocking (preventing aecess to un-eaten areas of the leaf, Murai 1974) . This is beeause: 1) very few mines came into eontact with each other, 2) our direct observations of C. hatnadryadella in mines that merged indicate that they do not engage in cannibalism, and 3) the total percent of leaf area eonsumed never exceeded 15% even when 25 individuals were observed on a single leaf. Therefore, at the epidemie densities observed in 1984 the additional risk of mortality when multiple mines occur on the same leaf must arise indireetly via either a reduetion in the nutritional quality of the leaf or the induction of a higher level of host resistanee at the scale of individual leaves.
Density-dependence
Death due to the effeets of intraspecifie competition and host resistance are positively spatially density-dependent at the leaf seale ( Fig. 3 and 4) . and could contribute to the observed population erash of C. hamadrvadella. Potter (1985) also found density-dependent intraspecifie competition for another leaf-mining speeies, Phytomyza ilicicola, on Ilex opaca. However, Faeth and Simberloff (1981) elaim that mortality due to intraspecifie competition is not temporally density-dependent and unimportant in determining the abundance i^f another species of Cameraria {Cameraria sp. nov.) on Quercus nigra.
The overall impaet of parasitoids on C. hamadryadella appears to be independent of the number of individuals per leaf. However, for C. hamadryadella leaves with a greater number of mines are more likely to be diseovered by parasitoids. This may arise because the cues assoeiated with host location are stronger on leaves with multiple mines (Vinson 197(S) , or purely because for a fixed investment a parasitoid searching a leaf with multiple mines is more likely to encounter a leaf-mine. Once a leaf has been discovered, the proportion of mines parasitized is inversely density-dependent. This result suggests that the parasitoids attacking C. hamadryadella either do not seareh aggregatively within leaves, interfere with one another, and/or are functionally unable to use patehes with high host densities.
Interferenee may occur directly between ovipositing parasitoids or indirectly when females encounter previously parasitized mines (Hassell 1978, Hassell and Waage 1984) . Pitcairn et al. (1990) found that the searching efficiency of a Mymarid parasitoid declined as parasitoid density increased suggesting direct interference between parasitoids. Casas (1989) found that the efficiency of parasitoids foraging on leaf-mining insects decreased when some mines contained dead hosts. This may result in increased departure rates for fixed-time foragers or increased direct interference between parasitoids. Sinee death due to host resistanee and intraspecifie competition are positively spatially density-dependent, the chance that the pattern of parasitism would appear to be density-independent or inversely densitydependent is increased. In addition, sinee C. hamadryadella occurs at densities of fewer than 0.1 individual/leaf in most years and locations, the ability of parasitoids to respond to high host densities may be constrained evolutionarily by their rates of searching, handling, and egg productitin (Hassell 1982 , Waage 1983 , Hassell et al. 1985 .
Analyses of population growth models and optimal foraging theory suggest that parasitoids should exhibit density-dependent foraging strategies (Comins and Hassell 1979 , Hassell 1982 , Lessels 1985 . However, in a recent review found that in the majority of studies parasitism was density-independent just as we found for C. hamadryadella. Our results are based on the combined effect of all parasitoids and this could possibly lead to an apparent pattern of spatial densityindependence or even inverse-density dependence if species in C. hamadryadella's parasitoid eomplex attack sequentially (Lessells 1985) . However, for other leafmining insects with a single major parasitoid, spatial density-dependenee is not always observed. Potter (1985) found no evidence for positive spatial densitydependence in parasitism for Phytot7iyza ilicicola on Ilex opaca on either the tree, branch, or leaf scale. However, Mopper et al. (1984) reported positive spatial density-dependence in the parasitism of Stilbosis quadricustatella on Quercus geminata at the leaf scale (although later rebutted by Simberloff and Stiling (1987) ), and Freeman and Smith (1990) found parasitism to be spatially density-dependent only at the scale of patches for Liriomyza commelinae on Commelina diffusa.
The overall impact of predators on C. hamadryadella appears to be spatially inversely density-dependent which is consistent with Mopper et al.'s (1984) results. Conversely, leaves with many mines are more likely to be discovered by predators (Fig. 5B) . This probably reflects the fact that the most eommon predators, visually searehing birds, may be attraeted to leaves with high levels of leaf damage by leaf-miners. Yet. once a leaf is discovered by a predator, the percentage of mines preyed upon is inversely spatially density-dependent. This may arise because visually searching predators tend to attack late instar mines (Connor 1988) . and leaves with many mines have few individuals that reach late instars since the larvae die in early instars from intraspecific competition and host resistance.
It is possible that the apparent effect of parasitism or predation may vary depending on the scale examined (e.g., leaf, branch, or tree) (Heads and Lawton 1983 , Force and Moriarty 19<S,S, Walde and Murdoch 1988 . Rothman and Darling 1990 . Freeman and Smith 1990 . However, we found no evidence for positive spatial density-dependence in either parasitism or predation at the leaf scale. Walde and Murdoch (1988) reviewed studies that examined parasitism at several spatial scales and found that the pattern of densityrelated parasitism v\as scale-dependent in only 4 of 21 instances. They suggest that this may reflect similarities in aggregation of the prey between scales (e.g.. leaves with high host densities are found on trees with high host density). We observed C. hatnadryadella to be strongly aggregated at the leaf scale (unpublished data). This pattern combined with Walde and Murdoch's (1988) result and the lack of spatial density-dependence in parasitism and predation at the leaf scale, argues that the observed lack of density-dependence in C. liamadrvadella is no{ an artifact of the scale of observation.
Population regulation in Cameraria hamadryadella
The evidence we present argues that the natural enemies hypothesis cannot account for the observed decline in the abundance of C. hamadryadella between 19,S4 and 1990, Neither parasitism nor predation operated in a spatially positively density-dependent manner during the epidemic. The lack of a difference in rates of parasitism and predation between the epidemic and endemic years also argues that natural enemies do not display temporal density-dependence in their effects on C. hamadryadella.
Mortality due to host resistance and intraspecific competition could account for the observed decline in the abundance of C. hatnadryadella since it was not only higher, but also positively spatially density-dependent during the epidemic. Had we been able to collect data on the causes of mortality during the peak of the epidemic in 1982 when densities were yet another 10 times greater, intraspecific competition would have accounted for an even greater proportion of mortality. This is because at peak densities many leaves were completely consumed long before larvae completed development. While we do not compute a mortality rate for intraspecific competition during the endemic year, since few leaves had multiple mines its effects were mmimal. Since the mortality rate from death "by other causes" on leaves with a single individual did not differ between epidemic and endemic years, we would iirguc that the level of host plant resistance and host pUmt nutritional quality at the tree scale was similar in these years. Therefore, we argue against the view that the observed population decline was caused by an environmentally induced temporal change in host quality. Nevertheless, the evidence we present of spatial density-dependence in mortality due to host resistance and intraspecific competition at the leaf scale is consistent v\ ith a role for the host-plant quality hypothesis in explaining the observed population decline.
In their studv of population regulation of Cameraria sp. nov. on Quercus nigra. Faeth and Simberloff (19S1) rule out intraspecific competition as a potential regulatory factor (although they did not test for its effects on the scale of individual leaves). They contend that mortality due to parasitism and predation keeps populations at such low densities that intraspecific competition is rare. However, their experimental exclusion of predators and parasites onlv generated maximum densities of Catneraria sp. nov. of approximately 0.1 active individuals per leaf, two orders of magnitude lcnvcr than the outbreak densities of C. hatnadryadella observed on Q. alba. Furthermore, Faeth and Simberloff (1981) report that the density of Cameraria sp. nov, reached a plateau after two years. Rather than implicating population regulation by parasites and predators, v\c interpret Faeth and Simberloffs (1981) results to implv that escape from parasites and predators is unlikely to cause outbreaks of Catneraria.
Other explanations besides the natural enemies and the host-plant quality hypotheses could account for the epidemic of C. hatnadryadella and its subsequent decline. For example, an earlv frost in the fall could kill leaves before larvae had fully developed or adverse winter conditions could lead to high overwintering mortality. Conversely a late first frost in the fall or benign winter conditions could lead to higher overwinter survival and a population explosion in the following year. However, Connor (1984) and Moppcr et al. (19S4) could find no evidence for microsite effects on overwintering mortality in other leaf-mining species on oaks. Further study of the population dynamics and sources of mortality of C. hamadtyadella will be ncccssarv to understand why populations of this species exhibit outbreak behavior.
